Heavy-hadron chiral perturbation theory (HHχPT) is applied to the decays of the even-parity Leading order predictions for electromagnetic branching ratios in this molecular scenario are in very poor agreement with existing data.
I. INTRODUCTION
The discovery of the D s0 (2317) [1] and D s1 (2460) [2] has revived interest in excited charmed mesons. The dominant decay modes of these states are D s0 (2317) → D s π 0 and D s1 (2460) → D * s π 0 , with widths less than 7 MeV [2] . There is experimental evidence indicating that D s0 (2317) and D s1 (2460) are J P = 0 + and 1 + states, respectively [3, 4] . Had the masses of the 0 + and 1 + states been above the threshold for the S-wave decay into D mesons and kaons, as anticipated in quark model [5, 6] as well as lattice calculations [7, 8, 9] , they would have had widths of a few hundred MeV. In reality, the unexpectedly low masses make those decays kinematically impossible. The only available strong decay modes violate isospin, accounting for the narrow widths.
The The decay D s0 (2317) → D s γ is forbidden by parity conservation. In the heavy-quark limit, both the three electromagnetic decays and the two strong decays are related by heavy-quark spin symmetry [10] . Belle has observed the decay D s1 (2460) → D s γ from D s1 (2460) produced in the decays of B mesons [3] and from continuum e + e − production [4] . The ratio of the electromagnetic branching fraction to the isospin violating one pion decay reported by the experiment is 0.38 ± 0.11 ± 0.04 [3] 0.55 ± 0.13 ± 0.08 [4] .
In each case the first error is statistical and the second systematic. The other electromagnetic decays have not been observed. CLEO quotes the following bounds on the branching fraction ratios [2] :
(The BELLE collaboration quotes weaker lower bounds of 0.31 and 0.18, respectively, for these ratios [4] .)
In this paper the decays of the D s0 (2317) and D s1 (2460) are analyzed using heavy-hadron chiral perturbation theory (HHχPT) [11] . HHχPT is an effective theory applicable to the low energy strong and electromagnetic interactions of particles containing a heavy quark.
It incorporates the approximate heavy-quark and chiral symmetries of QCD. Corrections to leading order predictions can be computed in an expansion in Λ QCD /m Q , M/Λ χ , and p/Λ χ , where m Q is the heavy quark mass, M is a Goldstone boson mass, p is the typical momentum in the decay, and Λ χ is the chiral symmetry breaking scale.
In section II, the leading order HHχPT predictions for the branching ratios are derived: 
(Leading order calculations of strong and electromagnetic decays were first done in Refs. [12, 13, 14] .) These predictions deviate significantly from the CLEO limits. At next-to-leading order (NLO) there are O(1/m Q ) suppressed heavy-quark spin-symmetry violating operators as well as one-loop chiral corrections to the electromagnetic decays. Once these effects are included, predictions for the ratios in Eq. (2) can be made consistent with the present experimental bounds with coupling constants in the Lagrangian of natural size.
The splitting between the even-and odd-parity doublets should be approximately the same for both bottom strange and charmed strange mesons. Therefore it is likely that the B s even-parity states will be below threshold for decay into kaons and narrow like their charm counterparts. The calculations of this paper can also be applied to the electromagnetic and strong decays of even-parity B s mesons when these states are discovered.
The leading order HHχPT Lagrangian used in this paper is invariant under nonlinearly realized chiral SU(3) L × SU(3) R and no further assumptions are made about the mechanism of chiral symmetry breaking. Models that treat the D s0 (2317) and D s1 (2460) as the 0 + and 1 + chiral partners of the ground state charm strange mesons are proposed in Refs. [13, 15, 16, 17] . In these models, referred to as parity-doubling models, the even-parity and odd-parity mesons are placed in a linear representation of chiral SU(3) L × SU(3) R . These fields couple in a chirally invariant manner to a field Σ that transforms in the (3,3) of
The Σ field develops a vacuum expectation value that breaks the chiral symmetry. The resulting nonlinear sigma model of Goldstone bosons coupled to heavy mesons has the same operators as the HHχPT Lagrangian used in this paper. The assumed mechanism of chiral symmetry breaking in parity doubling models predicts relationships between coupling constants in the HHχPT Lagrangian. For example, the parity doubling models predict that the hyperfine splittings of the even-and odd-parity doublets are equal.
This is in agreement with experimental observations. Other relationships between coupling constants in HHχPT are predicted [18, 19] by the theory of algebraic realizations of chiral symmetry [20] , in which hadrons are placed in reducible representations of SU(3) L ×SU(3) R .
QCD sum rules have also been used to calculate some of the HHχPT couplings [21] . When more data on the electromagnetic decays of even-parity D s and B s mesons becomes available, the formulae derived in this paper can be used to extract the relevant couplings and test these theories.
The low mass of the D s0 (2317) and D s1 (2460) has prompted reexamination of quark models [22, 23, 24, 25, 26] as well as speculation that these states are exotic. Possibilities include DK molecules [27, 28, 29] , D s π molecules [30] , and tetraquarks [28, 31, 32, 33, 34, 35] . Masses have been calculated in lattice QCD [36, 37, 38] , heavy-quark effective theory (HQET) sum rules [39, 40] , and potential as well as other models [22, 24, 25, 26, 41, 42] .
The results of some of these papers are contradictory. For example, the lattice calculation of
Ref. [36] yields a 0 + -0 − mass splitting about 120 MeV greater than experimentally observed, quotes errors of about 50 MeV, and argues this is evidence for an exotic interpretation of the state. On the other hand, the lattice calculation of Ref. [37] obtains similar numerical results but concludes that uncertainties in the calculation are large enough to be consistent with a conventional cs P -wave state. Some quark model analyses [25, 26, 41] conclude that interpreting the states as conventional cs P -wave mesons naturally fits the observed data, others reach the opposite conclusion [22, 42] .
There have been some attempts to determine the nature of the D s0 (2317) and D s1 (2460) from the observed pattern of decays [23] as well as their production in b-hadron decays [43, 44, 45, 46] . Ref. [23] argues that the total width and electromagnetic branching ratios can distinguish between cs P -wave states and DK molecules, and gives predictions for these branching ratios calculated in the quark model. Refs. [43, 44] (2460) is disfavored by the existing data on electromagnetic branching fractions.
II. ELECTROMAGNETIC AND STRONG DECAYS IN HHχPT
In the heavy-quark limit, hadrons containing a single heavy quark fall into doublets of the SU (2) 
where a is an SU (3) 
where the scalar states in the charm sector are S a = D 0a and the axial vectors are S µ a = D 1a . The relevant strong interaction terms in the HHχPT chiral Lagrangian are [11, 53] 
The first line in Eq. (6) is the leading order chiral Lagrangian for the octet of Goldstone bosons. f is the octet meson decay constant. The conventions for defining Σ in terms of meson fields, the chiral covariant derivative, D ab , and the axial vector vector field, A µ ab , are identical to those of Ref. [54] . Here m q is the light quark mass matrix. The second line of Eq. (6) contains the kinetic terms for the fields H a and S a and the couplings to two and more pions determined by chiral symmetry. The parameter δ SH is the residual mass of the S a field. The H a residual mass can be set to zero by an appropriate definition of the H a field, and this convention is adopted here. Then δ SH is the difference between the spin-averaged masses of the even-and odd-parity doublets in the heavy quark limit. The third line contains the couplings of H a and S a to the axial vector field A are ∆ H and ∆ S , respectively. Since the splittings should vanish in the heavy quark limit,
The parameters ∆ S and ∆ H are independent in HHχPT so there is no relation between the hyperfine splitting in the even-and odd-parity doublets. In parity doubling models, ∆ H = ∆ S at tree level, in agreement with the observation that hyperfine splittings are equal to within 2 MeV. 
where
is the light quark electric charge matrix. A tree level calculation of the decay rates using Eq. (7) shows that
where e q is the electric charge of the light valence quark, α is the fine-structure constant, andβ is the unknown parameter in Eq. (7). The three-momentum of the photon in the decay is k γ and m J P a is the mass of the heavy meson with quantum numbers J P a . In the heavy-quark limit, the members of each doublet are degenerate and the phase space is the same for all three decays. If differences in phase space are neglected the decay rate ratios
Differences in the phase space factors are formally O(1/m Q ) but in practice it is critical to include these effects to make sensible predictions. For the charmed strange mesons using the physical masses gives
The rates are then in the following ratios:
Note that the rate for D s1 (2460) → D s γ, smallest in the exact heavy-quark limit, is actually the largest when phase space effects are included since |k γ | is largest for this decay.
To compare with the ratio measured by Belle, the isospin violating strong decays must be calculated. These decays proceed through η − π 0 mixing. The result is [14] Γ
.01 is the η − π 0 mixing angle. E π 0 and p π 0 are the energy and three-momentum of the π 0 , respectively. At tree level f = f π = f η .
The difference between the two predictions provides an estimate of the uncertainty due to higher order SU(3) violating effects.
The branching fraction ratios in Eqs. (1-2) [13] . Applying the leading order expression for the decay widths of the nonstrange 0 + and 1
to the CLEO and Belle data yields h 2 = 0.39 ± 0.13 from the 0 + decays and h 2 = 0.49 ± 0.14 from the 1 + decay. The error in each case is obtained by adding in quadrature the uncertainty in the decay rate from varying the mass within the allowed range and the experimental error in the decay rate. If the two results are averaged h 2 = 0.44 ± 0.11. This estimate of h 2 is consistent with the bound h 2 ≤ 0.86 extracted from an Adler-Weisberger type sum rule for πB scattering [58] . (To obtain this bound g = 0.27 [54] is used in the result of Ref. [58] .) It is also consistent with a calculation of h = −0.52 ± 0.17 obtained using QCD sum rules in
Ref. [21] .
The lowest order HHχPT prediction for the ratio measured by the Belle collaboration is
Averaging the results of the two Belle measurements, (β GeV/h) 2 = 0.40 ± 0.08 (0.23 ± 0.05) or |β| = 0.42 ± 0.07 (0.32 ± 0.05) GeV −1 , where f = f π (f = f η ). The error is estimated by first combining the statistical and systematic errors in quadrature for each measurement, then combining the two measurements assuming they are independent. The extracted values forβ and h are consistent with expectations based on naturalness. Plugging the value of (β GeV/h) 2 into expressions for the unobserved electromagnetic decays yields the following predictions for the branching fraction ratios: 
Reparametrization invariance [61] forbids operators with derivatives acting on the H or S fields [53] . For S → Hγ decays, the lowest dimension, parity conserving, spin-symmetry violating operators are
The 1/m Q dependence (expected for any operator which violates heavy-quark spin symmetry) is explicit. Power counting is used to determine the importance of higher dimension operators in the Lagrangian. HHχPT is a double expansion in Λ QCD /m Q and Q/Λ χ , where Q ∼ p ∼ m π ∼ m K . Two additional mass scales appearing in the Lagrangian of Eq. (6) are the mass splitting between the H and S doublet fields, δ SH , and the hyperfine splittings within each doublet. In the heavy-quark limit, the S field propagator is proportional to However, if one were interested in relating the electromagnetic decays of strange and nonstrange heavy mesons these operators must be included explicitly.
The leading operator in Eq. (7) is order Q because of the derivative in F µν . The first operator in Eq. (15) Including both the loop diagrams and tree level insertions of the operators in Eq. (15) yields: 
Because of the 1/m Q suppression this operator is considered O(Q 2 ). The one-loop diagrams contributing to S → Hπ transitions are subleading at O(Q 3 ). The decay rates to NLO are
Earlier in this section the data from D The NLO expression for the branching fraction ratios of heavy-strange mesons is obtained by combining Eq. (19) with Eq. (17) and Eq. (8) . The result is
where e q has been set to e s = −1/3. Applying the formulae in Eq. (20) to the experimentally observed ratios gives
Hereβ andβ ′′ are measured in units of GeV −.03 from a next-to-leading order HHχPT analysis of D * decays [54] .
h and h ′ are extracted from the nonstrange decays, leaving four unknown parameters. Since there are only three constraints coming from experiment, further analysis requires additional assumptions to constrain the parameter space.
To illustrate how the current data is consistent with natural size parameters the following situation is considered. The contribution fromβ ′′ is neglected since in Eq. (21) When more data on excited heavy meson systems becomes available, the formulae in Eq. (20) could be used to test models that make predictions for the parameters in HHχPT.
In parity doubling models, g = −g ′ and h = 1 at tree level [13] . The authors of Ref. [13] note that h can be renormalized away from its tree level value and allow this parameter to vary in their analysis of strong decays. The tree level result h = 1 exceeds the value extracted from excited nonstrange decays in HHχPT. Another theoretical framework which makes similar predictions for the coupling constants g, g ′ , and h is the algebraic realization of chiral symmetry [20] . Applying this theory to heavy mesons [18, 19] leads to the predictions g ′ = −g and g 2 + h 2 = 1. Using g = 0.27 in this relation gives h 2 = 0.93 which is also larger than extracted from Eq. (19) . While the predictions for h are not in agreement with available data, the condition g = −g ′ is consistent with available data but not required.
Eventually the even parity B s states will be observed and all electromagnetic branching fractions for heavy-strange mesons will be measured. Then the parameter space will be overconstrained and HHχPT for excited heavy mesons can be tested decisively. where
is the smallest decay rate rather than the largest.
To compare with the measured branching ratios the strong decays must also be calculated.
The leading order diagrams are shown in Fig. 3 . All three diagrams depict 
In either case the bounds on the wavefunctions are somewhat smaller than
Since this is only an order of magnitude estimate, the bounds on |ψ D ( * ) K (0)| 2 are not a problem for the DK molecular interpretation.
However, they do imply that if the D s0 (2317) and D s1 (2460) are D ( * ) K molecules the states should not be much narrower than the present upper limits [23, 27] .
Since the wavefunction squared cancels in the ratio of strong and electromagnetic decays the electromagnetic branching fractions can be predicted: While the branching fraction ratios are quite sensitive to the choice of f , in any case they are much too large compared to experiment. Also, the relative sizes of the branching fraction ratios are in disagreement with experiment, since the second branching fraction ratio in Eq. (26) is predicted to be smallest, not largest. Note that the possibility of these states being mixtures of quark level bound states and DK molecules [28, 62] is also disfavored since this would enhance the first and third ratios in Eq. (26) relative to the second, whereas in reality these ratios are suppressed relative to the leading order prediction in Eq. (10).
IV. CONCLUSIONS
In this paper, corrections to electromagnetic and strong decays of D s0 (2317) and Once better data becomes available, it would be interesting to test models of chiral symmetry breaking which make specific predictions for the coupling constants appearing in the HHχPT lagrangian.
This paper also tests the hypothesis that the D s0 (2317) and D s1 (2460) are molecular bound states of DK and D * K molecules, respectively. In this scenario, these states are sufficiently nonrelativistic that HHχPT can be used to predict the decay rates at lowest order. Furthermore, bound state wavefunctions cancel out of predictions for the observed branching fraction ratios so absolute predictions can be made. These predictions are in much worse agreement with data than leading order HHχPT predictions. Specifically, predictions for all the branching fraction ratios are larger than observed and the branching fraction for the only observed electromagnetic decay is predicted to be the smallest of the three possible decays rather than the largest. Therefore, a molecular interpretation of these states is disfavored by available data on electromagnetic decays.
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